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Abstract. This article providesa completedescriptionof the radiatve transfer
modelusedin the I3RC (Intercomparisorof 3D RadiationCodes)ampaign.The
MYSTIC modelis a forward photontracingmethodwhich solvesthe equationof
radiatve transferfor the specifiedconditionswithoutany simplifying assumptions,
simulatingthe involved physicsascloselyaspossible. The methodologyusedto
calculatethe requestegbarameterss describedn detail,andsomesampleresults

arepresented.

1. Model description

TheMonteCarlomodelusedfor thisstudy(MYSTIC?) is
aforwardphotontracingmethod similar to thosedescribed
by Cahalan et al. [1994] and O’ Hirok and Gautier [1998].
In additionto three-dimensionaatmospherest allows the
realistictreatmenbf inhomogeneousurfacealbedoandto-
pography seee.g. Kylling et al. [1999]. The modelatmo-
sphereconsistof al1D backgrounaf moleculesandaerosol

IMYSTIC: Montecarlocodefor thephY SicallycorrectTracingof pho-
tonsin Cloudyatmospheres.
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Figurel. A simpleexampleof theatmospheresedasinput
to theMYSTIC model(2D crosssectionof a3D geometry).
Rayleighandaerosokcatteringaswell asmolecularabsorp-
tion aredescribedby the 1D backgroundatmosphere Em-
beddedarethreelayersof clouds,over somemountainous
terrain.

particlesanda 3D grid of cloudcells. SeeFigurel for asim-
ple example.

A schematiadiagramof the algorithmis shavn in Fig-
ure2. Theinvolvedphysicsis simulatedascloselyaspossi-
ble onthebasisof theinputatmosphereyithoutany further
simplifying assumptions.All processesnvolving random
numbersare marked with a double-frame. The r250 algo-
rithm of Kirkpatrick and Soll [1981] waschoserasrandom
numbergeneratarPhotonsstartatthetop of theatmosphere
(TOA) andtravel from onescatteringeventto thenext where
thelengthof eachpathsegmentis determinedy thescatter
ing coeficient, Bs.., andthe direction (8, ¢) by the phase
functionp(f). At the startand after eachscatteringevent,
the photonis assignedin opticaldepthAr,., whichit trav-
elsbeforethenext scattering Theprobabilityp thataphoton
is traveling the optical depth Ay, without beingscattered
is givenby Lambert-Bees law, p = exp(—A7sea). Using
the cumulatie probility function, P(t) = [ p(r')dr' =
1—exp(—7), thelengthof anindividual pathsegmentAr,.,
is calculatedaccordingto

ATseq = =Inp 1)

wherep is a randomnumberbetween0 and 1. This path
segmentis thentranslatedrom opticaldepthspaceo physi-
cal spaceby integratingthe scatteringcoefcient s, along
the photonpaththroughasmary grid boxesuntil A7y, is
reached. Here, periodic boundarieswvere applied; that is,
photonsleaving the modeldomainat oneside, re-enteredt
attheoppositeside.

At the endof eachstep— if the photonhasnot reached
the Earth's surfaceor left at TOA — a new directionis deter
minedaccordingto the scatteringpropertiesat the new lo-
cation.Scatteringoy moleculesaerosobparticles,andcloud
dropletsis treatedseparatelyassuminghe Rayleighphase
function for molecular scattering,the Heryey-Greenstein
(HG) phasefunctionfor aerosolscatteringanda HG or ar
bitrary phaseunctionfor cloudscatteringFor the Rayleigh
andHG phasefunctions,prayieigh (¢) andpuc (9), the new
directionis calculatedanalyticallyby evaluatingthe cumu-
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Figure 2. Schematioverview of theMYSTIC model. The
double-framedoxesinclude a randomnumbergeneration
process.
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lative probability functions, Prayieign (6) and Pug (6):
PRayleigh(0) = Z (1 + cos?0) 2)
pua (6) =g @3)

(14 g2 —2gcosh)?

wheretheasymmetrparametey is typically about0.85for
waterclouds.Integratingthesephase&unctionsover 6 to get
the cumulatve probability functions,and solving them for
thescatteringangled yields

cos ORayleigh = ¥ — = 4
withu = {/—q¢+ /1 +¢2
andg=4p—2

for the Rayleighscatteringanglefgrayieigh and

-1 Y
L+ - <2gp—g—1> ] ©

for the HG scatteringanglefug, wherep is arandomnum-
berbetweerD andl. OtherphaseunctionsliketheC1phase
functionusedfor I3RC, which aredefinedat discretepoints
ratherthan analytically are handledfollowing the sugges-
tion of Barkstrom[1995]: atableof thecumulative probabil-
ity distributionis calculatedrom the momentsof the phase
functionat100,000discrete equidistanvaluesof p = cos 6.
TheC1phasdunctionin IBRCwasparameterizetly its first
300 Legendrecoeficients. The azimuthangle¢ is assigned
a randomnumberbetween0 and 27, relative to a random
direction. This processis repeateduntil a photonreaches
the groundor leavesthe atmosphereahroughTOA. At the
surface,the photonis reflectedinto a randomdirection (as-
sumingLambertianreflection)with a probability given by
thesurfacealbedoAg. Absorptionis treatedseparatelyafter
the photonfinishedits path:for eachstepbetweenwo scat-
tering events,the absorptioncoeficient, S.1s, is integrated
over the respectie path segmentto yield the total absorp-
tion optical depth, ,,s alongthe photonpath. At the end
of its paththroughthe atmospheregachphotonis weighted
with the Lambert-Beerfactor exp(—7aps). Finally, their-
radiances theratio of the sumof the Lambert-Beefactors
of eachphotonreachingthe surfaceandthe numberof pho-
tonsincidentat TOA, multiplied by the incidentirradiance
(the extraterrestriairradiancemultiplied with the cosineof
the solar zenithangle). An importantfeatureof MYSTIC
is strict enegy conseration,thatis, for the I3RC casesthe
sumof transmittancealbedo,andabsorptancequalsl ex-
actly.

MYSTIC hasbeeninterfacedto the freely available li-
bRadtran/uvspemodel (seee.g. Kylling et al. [1999] and
Mayer et al. [1997]) aswell asto the troposphericultra-
violet visible (TUV) model[Madronich and Flocke, 1997].
Theseareusedto setup the optical propertiesof the atmo-
sphereandto processheresultsto provide spectrayweighted
doses,or photolysisfrequencies.Standardoutput parame-
tersincludeirradianceandactinic flux at specifiedaltitudes

1
cosfug = —
29
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(split into their direct, diffuse-up,and diffuse-davn com-
ponents).the absorptionfor all grid cells, aswell asradi-
ancesat specifieddirectionsandaltitudes. In additionto a
three-dimensionadescriptionof the atmospherethe model
is capableof handlinginhomogeneousurfacealbedoand
topography The surface altitude h(z,y) is definedon a
rectangulargrid. In betweenit is interpolatedbi-linearly,
h(z,y) = az + by + cxy + d. Lambertiarreflectionoff the
inclinedsurfacess considereaorrectly

It shouldbe emphasizedhat the MYSTIC modeldoes
not use ary simplifying assumptions. Photonsare traced
until they eitherleave TOA or are absorbedat the surface.
No biasingtechniquesare applied. The modelaccurag is
thereforedeterminedonly by the numberof photons. The
standarddeviation of the resultis proportionalto the in-
versesquareroot of the numberof photonstraced. Com-
parisonsof one-dimensionagjeometriesusing 10° photons
have shavn agreementvith the DISORT codeof Samnes
et al. [1988] within the MYSTIC statisticaluncertaintyof
lessthan0.01%.

Theuncertaintyof theresultcanbeestimated-priori. By
simple statistics,it canbe shovn that the relative standard
deviation o of theresultis (seee.g.Cahalan et al. [1994])

NO - Nc

7=V NoN, ©
where Ny is the numberof photonsstartedat TOA and
N, is the numberof photossampled. As an example, if
N. = 20000 of theinitial Ny = 106 photonsweresampled
into theradianceata certainpointandangle theuncertainty
of this quantitywill bes = 0.7%. For N, <« N, therela-
tiveuncertaintyis definedby Poissorstatisticsg = 1/v/N...
It is importantto notethat N, hererefersto the numberof
photonsbeforeabsorption(rememberinghat absorptionis
treatedafterwards by applying a Lambert-Beemweighting
factor). Thus,evenin wavelengthregionswith high absorp-
tion, like the UV-B (280-315nm), reasonableccurag can
bereached.

The Monte Carlo solver is written in ANSI C, opti-
mized for beingrun on small machines. The calculations
for I3RC, including the Landsatcasewith about1,500,000
individual pixels, have beenperformedon an INTEL Pen-
tium 1l / 350 MHz with 64 MBytes of memory The com-
putationalspeedwas about0.0003secondser photonfor
the stepcloud case,and 0.001 seconder photonfor the
MMCR andLandsaftcases.

2. Application in I3RC

The atmospheregor the stepcloud and MMCR cases
were modelledexactly as defined. For the Landsatcase,
the cloud top altitudeswerere-sampledn a 20 m vertical
grid, resultingin a 1,500,000pixel atmosphereDuetto this
discretization,a maximumerror of 10 m in the cloud top
altitudeis possible.

The computationatime for the I3RC calculationss de-
terminedby theaccurag limits for theradiancecalculations.

A coneof 5° half openinganglewasusedfor these requir

ing about10® photonsto betracedfor eachexperiment.For
the MMCR andthe Landsatcases10® photonsweretraced,
while for the stepcloud this numberwasincreasedo 10°

photonsto reachevenhigherprecisionseeTablel.

The pixel level errorsare of courselarger becausdess
photonsare sampledon eachindividual pixel. A roughes-
timatefor the meanpixel level erroris the numberprovided
in Table 1, multiplied by the squareroot of the numberof
horizontalpixels: v/32 ~ 5.7 for stepcloud,+/640 ~ 25 for
MMCR, and+/16384 = 128 for Landsat.

To calculatethe statisticaluncertainties,photonswere
startedin packagesf 106, andthe errorswere calculated
from the standardieviation of theindividual packagesE.g.
the meantransmittancd’ andthe percentageincertaintyof
themeantransmittanceAT, werecalculatedas

T

()

whereT; is anindividual resultfor 10° photonsandN is the
numberof 10°-photonpackagesThe meanpercentaggixel
level error AT,, wascalculatecasaverageoverall individual
pixel level errorsAT, ;:

100% 1 |1 _
AT,, = 2. —— |=ST, -T2 ©
y2¥) | Tj | \/N N zzzl( 1,] J) ( )
Npixel
AT, — AT, (10)
Npixel j=1

WhereTj is the averagetransmittancéor pixel j and Npixel
is the numberof pixels. Only thesepixelsare countedinto
the averagewhereT; wasnot0.2

3. Results

Sampleresultsfor two casesareshowvn in Figures3 and
4. Figure 3 shavs asan examplethe first case,stepcloud,
experimentl (solarzenithangle0°, singlescatteringalbedo
w = 1.0). The numberof photonstraced, 10° is large
enoughto producesmoothcurves even for the radiances.
The meanpixel-level error is 0.03%for the transmittance
and0.5%for thenadirreflectvity. Thetransmittancéhrough
the centerof the optically thinner part of the cloud (50 m
< x < 200 m) is larger than 1, indicating a strong net
horizontalflux into this region. As expectedfor overhead
sun,the 1602 obliquereflectiity is the mirror imageof the
1601 reflectvity, mirroredat the centerof the cloud cells at
x=125m or x=375m.

2pixels with Zl_‘] = 0 occure.g. for thenadirreflectvity in the Landsat
caseover cloudlessareas.
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Table 1. Numberof photonsusedfor I3RC andtheresultinguncertainties.

Case # of photons errorof themean errorof themean
transmittancg%] # nadirreflectvity [%] 2

stepcloud 10° 0.004 0.07

MMCR 108 0.007 0.15

Landsat 108 0.013 0.22

aThesevaluesarel standardleviation, averagedover all experiments.
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Figure 3. Resultfor thestepcloudcase gxperimentl (solar

: . ) Figure 4. Resultfor the MMCR case experiment4 (solar
zenithangled = 0°, singlescatteringalbedow = 1.0).

zenithanglef = 60°, singlescatteringalbedow = 0.99).
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Figure4 shows aresultfor thesecondcase MMCR, ex-
periment4 (solarzenithangle60°, singlescatteringalbedo
w = 0.99). Here,the numberof photonstraced,10%, is suf-
ficient to reachthe specifiedaccurag limits for the mean
guantities. Due to the higherhorizontalresolutionandthe
smallernumberof photonstraced,however, somenoiseis
introducedinto the radiancedistributions. The meanpixel-
level errorsare 0.3% for the transmittanceand 4% for the
nadir reflectvity. While albedoandabsorptancehawv pro-
nouncedfeaturescorrelatingto the optical depth distribu-
tion, the transmittances lessstructured,due to ‘radiative
smoothing’. Although not directly requestedy I3RC, it is
interestingo look attheobliquereflectvities 1601 and1602.
Dueto thesolarzenithangleof 60°, the symmetrybetween
themis broken. The pronouncedorward scatteringby the
cloud (asymmetryparameteg=0.85)causesheradiancee-
flectedin theforwarddirection(I1601) to be muchhigher(by
afactorof about2.5)thanthebackscatteretadiancg1602).

Figure 5 shaws a resultfor the third case,Landsat,ex-
periment3 (solar zenithangle0°, single scatteringalbedo
w = 0.99). The structuresof the optical depth (top) are
clearlyvisiblein the nadirreflectvity (bottom).Thealbedo,
however, shavs amuchsmoothedistribution dueto thean-
gular integration. This is mostobvious over the cloudless
areadn the cornersof thefield, wherethe nadirreflectance
is of coursed butthealbedas considerablegueto reflection
off cloudsto the sides. However, to interpretthesefigures,
it hasto be consideredhatthe uncertaintiesare quite high,
dueto thelarge numberof horizontalpixels (16384): while
the meanpixel-level uncertaintyof the albedois still only
2.4%,themeanpixel-level uncertaintyof the nadirreflectiv-
ity reaches39%. Althoughthis causes grairny structurein
the picture,the overall distribution is still visible andshavs
a high correlationwith the optical depth. To improve this
uncertaintyto e.g. 4%, 100 times more photonswould be
requiredwith the forward model, which would leadto un-
reasonableomputationatimeswith the currentsetup.

Finally, the 3D resultswere comparedwith independent

pixel calculationsby the DISORT discreteordinatemodelof

Samnes et al. [1988]. Thelatterwasoperatedn 16-streams
modewith -M scaling. A comparisorof the transmittance

T, albedoR, absorptancé,, andthe nadirreflectvity Iu cal-
culatedwith both methodsis shavn in Table2. The best
agreemenbetween3D andIPA wasfoundfor the MMCR
case wheredeviationswere smallerthan 1% for the trans-
mittance albedo,andabsorptanceThedifferencesarecon-
siderablyhigherin the stepcloud case wherethe 3D trans-
mittanceis lower by 25%thanits independenpixel approx-
imation in experiment4. The differencesarelarger at 60°
SZA thanat overheadsunin both, the stepcloud and the
Landsatcases.

4. Conclusions

Phasel of I3RC was a testof monochromatiaadiative

transferthroughcloudsin an otherwiseempty atmosphere.

The well-definedsetupshould help to identify reasonsof
possiblediscrepanciedbetweendifferent models. For the
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Figure 5. Resultfor the Landsatcase,experiment3 (solar
zenithangle = 0°, singlescatteringalbedow = 0.99).
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Table 2. MYSTIC 3D andDISORT independenpixel (IPA) results.

Case Exp. | T(3DF T(PA) | R(3D)* R(IPA) | A(3D)* A(IPA) | lu(3D)* lu(IPA)
stepcloud 1 0.67213 0.65979| 0.32787 0.34019| 0.00000 0.00002| 0.2568 0.3158
stepcloud 2 0.41920 0.50018| 0.58080 0.49979| 0.00000 0.00003| 0.4069 0.3567
stepcloud 3 0.59793 0.57656| 0.26111 0.25840| 0.14096 0.16504| 0.2015 0.2265
stepcloud 4 0.32473 0.43065| 0.47666 0.41840| 0.19861 0.15095| 0.3231 0.2779
MMCR 1 0.43987 0.43932| 0.56014 0.56061| 0.00000 0.00007| 0.5685 0.5596
MMCR 2 0.30202 0.30090| 0.69798 0.69904| 0.00000 0.00006| 0.5633 -
MMCR 3 0.30656 0.30690| 0.40245 0.40327| 0.29100 0.28983| 0.3923 0.3835
MMCR 4 0.20033 0.20032| 0.55200 0.55444| 0.24767 0.24524| 0.4137 -
MMCR 5 0.40376 0.40110| 0.75785 0.75928| 0.00000 0.00007| 0.6399 -
MMCR 6 0.43798 - 0.56202 - 0.00000 - 0.6645 -
MMCR 7 0.29805 - 0.70195 - 0.00000 - 05271 -
MMCR 8 0.39916 - 0.76060 - 0.00000 - 0.6020 -
Landsat 1 0.69526 0.67445| 0.30474 0.32549| 0.00000 0.00006| 0.2171 0.2994
Landsat 2 0.48521 0.52844| 0.51479 0.47152| 0.00000 0.00005| 0.3332 -
Landsat 3 0.62770 0.59799| 0.24256 0.24856| 0.12974 0.15346| 0.1709 0.2165
Landsat 4 0.40448 0.46415| 0.42446 0.39363| 0.17106 0.14222| 0.2694 -

aT: transmittanceR: albedo;A: absorptancdu: nadirreflectiity.

next phasest would be interestingto also (1) comparere-
sultsof theintegratedshortwave irradiance;and(2) to adda
backgroundatmospheravith molecularandaerosolscatter
ing andabsorption.

The uvspecradiative transfermodel usedto drive the
MYSTIC solwer is part of the libRadtranpackagewhich is
available from http://wwwlibradtran.og. The TUV radia-
tivetransfemodelis availablefrom http://acd.ucaedu/UV/.
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